Introduction
============

Oral squamous cell carcinoma (OSCC) is among the most common head and neck cancers worldwide.[@b1-ott-12-3327] Despite the advances in the prevention and treatment of OSCC, the 5-year survival rate has not improved in 30 years.[@b2-ott-12-3327] Cancer recurrence and metastases are the main causes of mortality, and OSCC metastasizes mainly to the lymph nodes in the cervical regions.

Tobacco use has been considered as the most important risk factor for OSCC.[@b3-ott-12-3327] Nicotine is a major component of cigarette smoke and an exogenous source of oxidative stress, and it has been suggested that it may contribute to cancer development and induce epithelial--mesenchymal transition (EMT) and metastases.[@b4-ott-12-3327] As an antioxidant protein family member, peroxiredoxin (Prx) can be found in a wide variety of species.[@b5-ott-12-3327] Prx1 is a key member of this family and represents an oxidative stress-inducible protein. Prx1 is overexpressed in several human cancers, including OSCC, and has been reported to be associated with cell proliferation, apoptosis, cancer development, and lymph node metastasis.[@b6-ott-12-3327]--[@b8-ott-12-3327] Ets1 is a member of the Ets family of transcription factors, and studies have demonstrated that Ets1 may be overexpressed in several tumors; it also promotes invasive behavior and may affect ROS sensitivity through the expression of Prx1.[@b9-ott-12-3327]--[@b12-ott-12-3327] Previously, we showed that nicotine induced cell proliferation and Prx1 overexpression in OSCC cells in vitro, and Prx1 overexpression promoted tumor growth in OSCC xenografts; these findings indicate that Prx1 plays a key role in the pathogenesis of tobacco-related OSCC.[@b13-ott-12-3327] However, the molecular mechanisms underlying the potential role of nicotine, Prx1, and Ets1 in OSCC metastasis have not been completely elucidated.

EMT is considered to be necessary for metastasis formation and responsible for the increase in invasiveness.[@b14-ott-12-3327],[@b15-ott-12-3327] Various biomarkers have been found for different types of EMT.[@b16-ott-12-3327] E-cadherin, vimentin, and Snail have been shown to be EMT-related proteins involved in type 3 EMT, which is related to cancer metastasis and progression.[@b17-ott-12-3327],[@b18-ott-12-3327] In this process, E-cadherin represents an attenuated epithelial marker, vimentin is an acquired mesenchymal marker, and Snail mediates the transition.[@b19-ott-12-3327]

In this study, to analyze the roles and mechanisms of nicotine-induced cervical metastasis, we investigated whether nicotine induced invasion and cervical metastasis via regulating Prx1 and EMT in oral cancer CAL 27 cells. Next, we established a mouse cancer model originating in the tongue with cervical metastasis by the orthotopic transplantation of control CAL 27 cells and siPrx1 CAL 27 cells labeled with green fluorescent protein (GFP); this step served to confirm the roles of nicotine in regulating Ets1/Prx1/EMT signaling in OSCC metastasis.

Materials and methods
=====================

Cells
-----

Human CAL 27 cells (American Type Culture Collection \[ATCC\], Manassas, VA, USA) were cultured in DMEM/high glucose (HyClone, Logan, UT, USA) containing 10% (v/v) FBS (Thermo Fisher Scientific, Waltham, MA, USA) with 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher Scientific). The cells were grown at 37°C with 5% CO~2~ in a humidified atmosphere.

Lentivirus-mediated transfection
--------------------------------

Prx1-shRNA and GFP-expressing lentiviral particles were prepared by Shanghai GenePharma (Shanghai, People's Republic of China). The Prx1-targeting sequence was 5′-AGGGTATTCTTCGGCAGATCA-3′. CAL 27 cells were seeded at a density of 1.5×10^5^ cells/well in six-well plates and cultured overnight. Negative control or Prx1-shRNA-expressing lentiviruses were transfected at a multiplicity of infection (MOI) of 10 with 5 µg/mL polybrene in serum-free media for 48 h. Control CAL 27 cells (siControl) and stable Prx1 knockdown (siPrx1) cells were selected with puromycin. Prx1 protein expression was detected by Western blot with an anti-Prx1 antibody (Abcam, Cambridge, UK).

Transient transfection
----------------------

For Ets1 knockdown, siRNAs were commercially generated (Sangon Biotech, Shanghai, People's Republic of China): 5′-GCAAAGAAAUGAUGUCUCAAGCAUU-3′ was used for Ets1 targeting, while 5′-UUCUCCGAACGUGUCAC GUTT-3′ was used as a negative control. Lipofectamine 2000 (Thermo Fisher Scientific) was used to perform siRNA transfections according to the manufacturer's instructions. Total protein was collected 72 h after transfection for Western blot analysis.

Nicotine treatment in vitro
---------------------------

CAL 27 cells were treated with 1 µmol/L nicotine for 7 days for the following in vitro experiments involving nicotine treatment. Cells were subcultured every 3 days and treated with 1 µmol/L nicotine for 48 h after every passage. The regimen of 7-day nicotine treatment was selected based on the nicotine dose--response experiments.

Invasion assay
--------------

Cell invasion assays were performed in Transwell chambers (24-well format; 8 mm pore size; Falcon, Austin, TX, USA) coated with Matrigel (1 mg/mL; Corning Incorporated, Corning, NY, USA). CAL 27 cells (2.5×10^5^/well) were plated in the upper chambers filled with medium containing 0.2% FBS, while the lower chambers were filled with medium containing 10% FBS. After a 24 h incubation, the cells inside the chamber were removed, and the invaded cells were stained with hematoxylin (Solarbio, Beijing, People's Republic of China) and examined with an inverted microscope (Olympus Corporation, Tokyo, Japan).

In vitro scratch assay
----------------------

Cells (5×10^5^ cells/well) were seeded onto six-well plates and incubated in complete medium for 12 h at 37°C. Scratch wounds were applied to each well with a sterilized 200 µL pipette tip, and the non-adherent cells were washed off three times with warm PBS. Fresh serum-free medium was added to the wells, and the cells were incubated for an additional 48 h. All experiments were conducted independently in triplicate.

Co-immunoprecipitation (Co-IP) assay
------------------------------------

Following 7-day treatment with 1 µmol/L nicotine, CAL 27 cells were harvested. The cell lysates were incubated with antibodies against Prx1 (0.5 µg; Abcam) or negative control IgG (0.5 µg; Santa Cruz Biotechnology Inc., Dallas, TX, USA) overnight at 4°C, followed by the addition of 40 µL of protein A plus Sepharose (Sigma-Aldrich Co., St Louis, MO, USA) and incubation for 4 h at 4°C. After centrifugation for 1 min at 4°C, the pellets were washed three times with cell lysis buffer. Protein complexes were eluted and then separated by SDS-PAGE; Western blot analyses were performed to detect Ets1 (1:1,000; Cell Signaling Technology, Danvers, MA, USA) and Prx1 (1:5,000; Abcam). In addition, whole cell extracts were separated and analyzed by Western blot.

Chromatin immunoprecipitation (ChIP)
------------------------------------

ChIP assays were performed as reported previously.[@b20-ott-12-3327] Precipitated chromatin was purified, and DNA was quantified by quantitative real-time PCR (qRT-PCR). A ChIP-grade antibody against Ets1 was used in this study. Primers for the Prx1 promoter region were as follows: forward, CTGACTAAACCATGTCACAGAC; reverse, AGCCTGGCAACAGAGCAAG.

Cervical metastasis mouse model of OSCC
---------------------------------------

Five-week-old BALB/c nude mice (Vital River Laboratory Animal Technology, Beijing, People's Republic of China) were bred under specific pathogen-free conditions. Experiments were conducted in accordance with the Beijing Municipality on the Review of Welfare and Ethics of Laboratory Animals guidelines approved by the Beijing Municipality Administration Office of Laboratory Animals (BAOLA). Furthermore, the study was approved by the Animal Ethical and Welfare Committee of Beijing Stomatological Hospital (Approval No KQYY-201503-010).

The animals were separated randomly into five groups: 1) control group: siControl CAL 27 cell transplantation with vehicle treatment (corn oil; Sigma-Aldrich Co.); 2) nicotine group: siControl cell transplantation with nicotine treatment (Wako Pure Chemical Industries, Ltd., Osaka, Japan); 3) Prx1 knockdown group: siPrx1 cell transplantation with vehicle treatment; 4) Prx1 knockdown + nicotine group: siPrx1 cell transplantation with nicotine treatment; and 5) no treatment group. Each group contained 10 male and 10 female mice.

The mice were anesthetized using sodium pentobarbital (50 mg/kg body weight), and they received a submucosal injection of 5×10^6^ cells (in a 25 µL volume) into their tongue using a sterile insulin syringe (BD, Franklin Lakes, NJ, USA). The mice in the nicotine and Prx1 knockdown + nicotine groups received 10 µL of a nicotine solution (6% in corn oil) on their tongue three times a week. The development of tongue cancer, overall health condition, and total body weight of the mice were examined daily. The tongues and cervical lymph nodes were observed under a dissecting fluorescence microscope (Olympus Corporation). The number of mice with lymph node metastases was counted, and the metastasis rates were calculated. Metastasis to the lymph nodes was observed by fluorescence stereomicroscopy from 11 days after cell implantation. At day 13 after siControl cell or siPrx1 cell implantation, the tongues and cervical lymph nodes with green fluorescence were removed and immediately stored in liquid nitrogen for further qRT-PCR and Western blot analyses or placed in formalin solution for histological examination.

H&E staining
------------

Tongue and cervical lymph node tissues were fixed in formalin and embedded in paraffin; 5µm sections were cut using a microtome and stained with H&E to examine tumor morphology as described previously.[@b21-ott-12-3327]

Immunohistochemistry
--------------------

Tissue sections were deparaffinized and rehydrated, and antigen retrieval was performed by boiling the samples in 0.01 M citrate buffer (pH 6.0) for 10 min. The sections were incubated with a mouse antihuman cytokeratin antibody (Fuzhou Maixin Biotech. Co., Ltd., Fujian, People's Republic of China) overnight at 4°C. Afterward, the sections were incubated with a biotinylated secondary antibody for 30 min at 37°C, and the signals were visualized using 3,3′-diaminobenzidine (Solarbio) for 3--5 min. PBS was used as a negative control.

Quantitative PCR (qPCR) analysis
--------------------------------

TRIzol (Thermo Fisher Scientific) was used to extract the total RNA from tongue samples and cervical lymph nodes. Reverse transcription was conducted using HiFi-MMLV Reverse Transcriptase (CW Biotech, Beijing, People's Republic of China). Gapdh was used as an internal control. qPCR was performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA) with the primer pairs listed in [Table 1](#t1-ott-12-3327){ref-type="table"}. The comparative cycle threshold method (2−ΔΔCT) was used to analyze the data. All samples were analyzed in triplicate.

Western blot
------------

Tumor cells and tissues were lysed using immunoprecipitation lysis buffer. Equal amounts of protein were separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (0.45 µm; EMD Millipore, Billerica, MA, USA). Following blocking with 5% fat-free milk in Tris-buffered saline with Tween-20 (TBST) for 1 h at 37°C, the membranes were incubated with anti-Prx1 (1:5,000; Abcam), anti-Ets1 (1:1,000; Cell Signaling Technology), anti-E-cadherin (1:1,000; Cell Signaling Technology), anti-vimentin (1:1,000; Bioss Inc., Beijing, People's Republic of China), anti-Snail (1:1,000; Abcam), and anti-GAPDH antibodies (1:20,000; Immunoway, Plano, TX, USA) overnight at 4°C. Immunoreactive bands were detected using horseradish peroxidase-conjugated secondary antibodies and enhanced with chemiluminescence reagents (Amersham Biosciences, Piscataway, NJ, USA).

Statistical analyses
--------------------

All assays were independently performed in triplicate. SPSS software Version 17.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. The results are expressed as mean ± SD. Statistical significance was assessed using unpaired two-tailed Student's *t*-tests. Differences were considered significant when *p*\<0.05.

Results
=======

Nicotine induces cell invasion, migration, and EMT in CAL 27 cells
------------------------------------------------------------------

We investigated the effect of nicotine on cell invasion and migration in CAL 27 cells. Matrigel invasion assay results demonstrated that a higher number of nicotine-treated cells than control cells penetrated through the filters after 12 h ([Figure 1A and B](#f1-ott-12-3327){ref-type="fig"}). Consistently, higher rates of wound healing and cell migration were observed in the nicotine-treated cells than in the controls ([Figure 1C](#f1-ott-12-3327){ref-type="fig"}). These results suggest that nicotine promotes cell invasion and migration in OSCC cells.

Furthermore, the protein expression levels of E-cadherin were decreased, and the expression levels of vimentin were increased in CAL 27 cells treated with nicotine compared to control cells. Additionally, Snail expression levels were higher, but no significant difference was observed ([Figure 1D](#f1-ott-12-3327){ref-type="fig"}).

Nicotine induces the expression of Prx1 and Ets1 in CAL 27 cells
----------------------------------------------------------------

To determine the potential interaction between Prx1 and the nuclear transcriptional factor Ets1, Co-IP assays were performed. As shown in [Figure 1E](#f1-ott-12-3327){ref-type="fig"}, Prx1 and Ets1 were detected in total cell lysate samples, and their expression levels were higher in CAL 27 cells treated with nicotine for 7 days than in control cells. ChIP assays were conducted to observe the effect of nicotine on the binding activity of the transcriptional factor Ets1 to the promoter region of the Prx1 gene.

As shown in [Figure 1F](#f1-ott-12-3327){ref-type="fig"}, compared to the control group, the combined activity of Ets1 and the promoter region of the Prx1 gene was significantly increased in the nicotine group (*p*\<0.01). It is suggested that Ets1 in CAL 27 cells can be directly combined with the Prx1 gene promoter region to regulate Prx1 gene transcription. Nicotine can increase the binding activity of Ets1 and promote the transcription of the Prx1 gene.

Prx1 and Ets1 promote cell invasion, migration, and EMT in CAL 27 cells
-----------------------------------------------------------------------

To confirm the roles of Prx1 and Ets1 in EMT, cell invasion, and migration, we performed stable Prx1 knockdown and transient Ets1 knockdown in CAL 27 cells. Western blots were performed to detect the expression levels of EMT markers; Prx1 knockdown increased E-cadherin expression levels and decreased vimentin and Snail expression levels ([Figure 2A and B](#f2-ott-12-3327){ref-type="fig"}). Ets1 knockdown decreased Prx1 and Snail expression levels and increased E-cadherin expression levels, while vimentin expression levels were not significantly different ([Figure 2C and D](#f2-ott-12-3327){ref-type="fig"}). These results indicate that Prx1 promotes the EMT process, which may be regulated by Ets1.

Matrigel invasion assay results demonstrated that after 24 h, a lower number of siPrx1 CAL 27 cells than siControl cells could penetrate through the Transwell membranes ([Figure 2E and F](#f2-ott-12-3327){ref-type="fig"}). Consistently, after 24 h, the wound healing and migration rates were lower in siPrx1 cells than in siControl cells ([Figure 2G](#f2-ott-12-3327){ref-type="fig"}).

Cervical lymph node metastasis model of tongue cancer establishment in mice
---------------------------------------------------------------------------

CAL 27 cells, siPrx1 and siControl, were orthotopically implanted into mouse tongues. Approximately 1 week later, white plaque-like lesions were observed on the tongue surfaces, and the mice started losing body weight. Tongue tumor sizes increased, which was accompanied by anabrosis, cachexia, and emaciation ([Figure 3A\[a\]](#f3-ott-12-3327){ref-type="fig"}). The tongues and lymph nodes were much larger in the mice with tumors than in the negative controls ([Figure 3A\[b\] and \[c\]](#f3-ott-12-3327){ref-type="fig"}). Fluorescence stereomicroscopy was used to confirm tumor formation and cervical metastases since the tumors in the mouse tongues and lymph nodes showed distinct green fluorescence ([Figure 3B](#f3-ott-12-3327){ref-type="fig"}). At day 13 after CAL 27 cell implantation, H&E staining was used to confirm tumor formation and lymph node metastases ([Figure 3C and D](#f3-ott-12-3327){ref-type="fig"}). We found that all tumors were moderately differentiated according to histological grades confirmed by H&E staining. Immunohistochemical staining with an anti-keratin antibody showed many positive cells in both tongue tissues and lymph nodes ([Figure 3E and F](#f3-ott-12-3327){ref-type="fig"}), further demonstrating the successful establishment of a cervical metastasis mouse model of OSCC.

Nicotine induces tumor metastasis and EMT in vivo
-------------------------------------------------

Cervical lymph node metastasis rates were analyzed in mice after CAL 27 cell implantation at day 13. Nicotine treatment, in comparison to control treatment, promoted cervical lymph node metastasis ([Figure 4A](#f4-ott-12-3327){ref-type="fig"}). We examined the mRNA and protein expression levels of E-cadherin, vimentin, and Snail in the mouse tongues and lymph nodes. The results showed that compared to the control treatment, nicotine treatment downregulated E-cadherin mRNA expression and upregulated vimentin and Snail expression in tongues and lymph nodes ([Figure 4B and C](#f4-ott-12-3327){ref-type="fig"}). Protein expression levels showed almost the same tendency, except for Snail protein expression, which did not significantly differ among different tongue samples ([Figure 4D--F](#f4-ott-12-3327){ref-type="fig"}).

Prx1 knockdown decreases cervical metastasis rates and inhibits EMT progression in vivo
---------------------------------------------------------------------------------------

Compared to the control group, Prx1 knockdown reduced metastasis rates ([Figure 5A](#f5-ott-12-3327){ref-type="fig"}), upregulated E-cadherin mRNA, and downregulated vimentin and Snail mRNA expression in tongues and lymph nodes ([Figure 5B and C](#f5-ott-12-3327){ref-type="fig"}). Protein expression levels showed the same tendency, except for vimentin expression in the tongue samples and E-cadherin levels in the lymph nodes, which were not significantly different between the groups ([Figure 5D--F](#f5-ott-12-3327){ref-type="fig"}).

Nicotine induces lymph node metastasis and EMT through regulating Prx1 expression in vivo
-----------------------------------------------------------------------------------------

To further explore the role of Prx1 in nicotine-induced metastasis, we investigated the effects of nicotine on lymph node metastasis rates and EMT-related marker expression in the investigated animals. The data obtained by analyzing the tongue and lymph node samples showed no significant differences between nicotine-treated and vehicle-treated mice after Prx1 knockdown ([Figure 6](#f6-ott-12-3327){ref-type="fig"}). These results suggest that Prx1 plays a critical role in nicotine-induced metastasis in OSCC.

Discussion
==========

Treatment failure in OSCC is primarily a consequence of tumor recurrence and metastasis.[@b22-ott-12-3327] Nicotine is a source of exogenous oxidative stress, which is related to the pathogenesis of OSCC. Although some studies showed that nicotine is associated with cell proliferation, tumor growth, invasion, and metastasis in OSCC, the specific mechanisms underlying OSCC metastasis remain unclear.[@b23-ott-12-3327]--[@b25-ott-12-3327]

Previous studies have reported OSCC cervical metastasis models to investigate the cervical lymph node metastasis of oral cancer. Sun et al[@b26-ott-12-3327] used H&E staining to observe that cancer in mouse tongues caused by implanting OSCC cell line Tca83 cells metastasized to the cervical lymph nodes at day 49. Here, we present an improved animal model of OSCC metastasis that enables us to identify and analyze lymph node metastases in vivo. This model was established by the orthotopic transplantation of GFP-labeled CAL 27 cells into mouse tongues; this process facilitated the identification of the development of metastases. Fluorescence stereomicroscopy was used for monitoring lingual tumor and cervical metastasis development in vivo. Following the development of tongue tumors at day 13 after CAL 27 cell implantation, our results showed rapid body weight loss and lymph node metastases due to nicotine treatment and the invasive and metastatic nature of CAL 27 cells. Using H&E and cytokeratin immunohistochemical staining, we confirmed that the GFP-positive tissues in mouse tongues and cervical lymph nodes were OSCCs. Our data suggest that examination performed by using fluorescence stereomicroscopy is more convenient, quicker, and more intuitive for the detection of tumor formation and early lymphatic metastases before animal sacrifice and biopsy.

Nicotine has been reported to induce EMT and promote the progression and metastasis of several malignant tumors.[@b25-ott-12-3327] During the process of EMT, cell phenotypic changes are associated with alterations in the expression of many molecules, such as cadherins, vimentin, and transcription factors.[@b16-ott-12-3327],[@b27-ott-12-3327],[@b28-ott-12-3327] E-cadherin plays a key role in cell adhesion. In addition, E-cadherin-regulated intercellular adhesion has been related to tumor cell invasion, metastasis, and oral cancer prognosis.[@b29-ott-12-3327] Vimentin was shown to be upregulated during EMT, and its expression was associated with the acquisition of a migratory phenotype and invasion.[@b30-ott-12-3327] As a zinc-finger transcription factor, Snail can promote EMT progression via inhibiting E-cadherin expression in the pathogenesis of cancer.[@b15-ott-12-3327] EMT regulators are being investigated as potential molecular biomarkers and therapeutic targets for cancer therapies.[@b31-ott-12-3327]--[@b33-ott-12-3327] Some studies have demonstrated that tumor cells treated with nicotine expressed significantly higher levels of mesenchymal markers and lower levels of epithelial markers, suggesting that nicotine can induce EMT in vitro.[@b34-ott-12-3327]--[@b36-ott-12-3327] The previously obtained results are consistent with the results of our in vitro experiments, demonstrating that nicotine promotes OSCC cell invasion and migration accompanied by increased EMT progression and Prx1 upregulation in CAL 27 cells. To investigate the roles and molecular mechanisms underlying the effects of nicotine on OSCC metastases, a 6% nicotine solution was applied topically to mouse tongues. We observed that nicotine increased OSCC metastasis rates, downregulated E-cadherin expression, and upregulated vimentin and Snail expression in tongue and lymph node samples. These data indicate that nicotine may induce cervical lymph node metastases through regulating EMT progression during OSCC pathogenesis.

Our previous study demonstrated that nicotine treatment can increase ROS levels and induce oxidative stress in OSCC cells, and Prx1 upregulation is associated with nicotine-induced oxidative stress.[@b13-ott-12-3327] In another previous report, Prx1 overexpression has been shown to enhance the growth of OSCC tumor xenografts.[@b37-ott-12-3327] However, to date, the relationship between Prx1 and OSCC metastasis in vivo has not been investigated. In this study, we found that nicotine treatment upregulated the expression of Prx1. To investigate the role of Prx1, we generated stable Prx1 knockdown CAL 27 cells. Prx1 knockdown inhibited cell invasion, migration, and EMT progression, which led us to establish an additional model of OSCC cervical metastasis using siPrx1 CAL 27 cells. We demonstrated that Prx1 knockdown significantly inhibited tongue cancer metastasis rates and EMT progression in vivo and that it upregulated E-cadherin expression and downregulated vimentin and Snail expression in both tongue and lymph node samples. These findings indicate that Prx1 plays a key role in the nicotine-induced invasion and metastasis of OSCC. However, a study conducted by Yanagawa et al[@b8-ott-12-3327] provided a different perspective regarding the role of Prx1 in OSCC. They showed that low Prx1 expression levels correlated with increased lymph node metastasis risk.

Ets1 has been shown to be a key transcription factor involved in oxidative stress, and its expression was shown to be upregulated in invasive high-grade tumors and correlated with a higher incidence of lymph node metastasis.[@b9-ott-12-3327],[@b38-ott-12-3327] Shiota et al[@b12-ott-12-3327] showed that inhibiting Ets1 expression significantly decreased Prx1 expression in prostate cancer PC3 cells. To further explore the mechanism of Prx1 in nicotine-induced OSCC, we examined the relationship between Prx1 and Ets1 in OSCC cells. We found that nicotine induced Ets1 expression in CAL 27 cells, while Ets1 knockdown inhibited Prx1 expression and EMT progression. Furthermore, Co-IP and ChIP results confirmed that nicotine could significantly upregulate the binding of the transcription factor Ets1 to the Prx1 gene promoter region to regulate Prx1 gene transcription and expression. Taken together, the data indicate that nicotine promotes cell invasion and lymph node metastasis development through regulating the Ets1/Prx1/EMT signaling pathway during the pathogenesis of OSCC.

Conclusion
==========

Our results demonstrate for the first time that nicotine promotes invasion, migration, and lymph node metastasis through regulating Prx1/EMT signaling in tongue cancer. Our findings provide significant mechanistic and functional insights into OSCC pathogenesis, and Prx1 may represent a potential diagnostic marker and a therapeutic target for OSCC treatment.
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![Nicotine-induced effects on CAL 27 cells in vitro. (**A**) Representative images obtained from the Matrigel invasion assays. (**B**) Quantitative analysis of the results presented in (**A**). (**C**) Wound-healing assay results showing the effects of nicotine on CAL 27 cells. (**D**) Expression levels of Prx1 and three EMT markers were determined following nicotine treatment. (**E**) Co-IP assay results showing the nicotine-induced Co-IP of Prx1 and Ets1. (**F**) ChIP using antibodies against Ets1. qRT-PCR was used to quantify the Prx1 gene promoter sequence as detailed in the "Materials and methods" section. \**p*≤0.05, \*\**p*≤0.01.\
**Abbreviations:** ChIP, chromatin immunoprecipitation; Co-IP, co-immunoprecipitation; EMT, epithelial--mesenchymal transition; qRT-PCR, quantitative real-time PCR.](ott-12-3327Fig1){#f1-ott-12-3327}

![Prx1 is regulated by Ets1 and affects EMT, invasion, and migration in CAL 27 cells. (**A** and **B**) Western blotting results showing the effects of Prx1 knockdown on the expression of EMT markers. (**C** and **D**) Western blotting results showing the effects of Ets1 knockdown on the expression of Prx1 and EMT markers. (**E** and **F**) Matrigel invasion assay results showing the effects of Prx1 knockdown on CAL 27 cell invasion and the quantification of the obtained results. (**G**) Wound-healing assay results showing the effect of Prx1 knockdown on the migratory potential of CAL 27 cells. \**p*≤0.05, \*\**p*≤0.01, \*\*\**p*≤0.001.\
**Abbreviation:** EMT, epithelial--mesenchymal transition.](ott-12-3327Fig2){#f2-ott-12-3327}

![Tumor formation and cervical metastases in nude mouse models. (**A**) Mice with induced tumors were much smaller (right), and the tongues and cervical lymph nodes removed from them (a, b; right) were bigger than those removed from the negative control group (b, c; left). (**B**) Tumor formation and lymph node metastases were examined when the mice lost approximately 25% of their initial body weight. Green fluorescence, signaling tumor tissue, was observed in the tongues and cervical lymph nodes (red arrows) of siPrx1-CAL 27 cell-treated mice, while no fluorescence was observed in the negative control mice. (**C** and **D**) More tumor cells (\*) were observed in the tongue tissues and lymph nodes by H&E staining (400×). (**E** and **F**) Tumor cells expressing keratin were observed in the tongues and cervical lymph nodes by IHC (400×).\
**Abbreviation:** IHC, immunohistochemistry.](ott-12-3327Fig3){#f3-ott-12-3327}

![Nicotine treatment affects metastasis and EMT marker expression. (**A**) Nicotine treatment increased metastasis rates in the mice. (**B** and **C**) Nicotine treatment reduced E-cadherin mRNA levels and increased vimentin and Snail mRNA levels in the tongues and lymph nodes of the treated mice compared to those in the control group. (**D**--**F**) Nicotine treatment downregulated E-cadherin protein expression in all samples, upregulated vimentin expression in the tongue samples, and upregulated vimentin and Snail expression in the lymph nodes. \**p*≤0.05, \*\**p*≤0.01, \*\*\**p*≤0.001.\
**Abbreviation:** EMT, epithelial--mesenchymal transition.](ott-12-3327Fig4){#f4-ott-12-3327}

![Prx1 knockdown affects metastasis rates and EMT marker expression levels. (**A**) Prx1 knockdown decreased the metastasis rates. (**B** and **C**) siPrx1 CAL 27 upregulated E-cadherin mRNA expression and downregulated vimentin and Snail mRNA levels. (**D**--**F**) Western blot analyses showed the same tendency at the protein level, except for vimentin expression in the tongues and E-cadherin expression in the lymph nodes, which were not significantly different between the two mouse groups. \**p*≤0.05, \*\**p*≤0.01, \*\*\**p*≤0.001.\
**Abbreviation:** EMT, epithelial--mesenchymal transition.](ott-12-3327Fig5){#f5-ott-12-3327}

![Nicotine treatment did not affect metastasis rates and EMT in siPrx1 CAL 27-implanted mice. The metastasis rates (**A**) and mRNA (**B** and **C**) and protein expression (**D**--**F**) levels of E-cadherin, vimentin, and Snail were not significantly different between nicotine-treated and vehicle-treated groups in either the tongues or the lymph nodes.\
**Abbreviation:** EMT, epithelial--mesenchymal transition.](ott-12-3327Fig6){#f6-ott-12-3327}

###### 

Primers used for qPCR

  Gene         Forward primer sequences (5′--3′)   Reverse primer sequences (5′--3′)
  ------------ ----------------------------------- -----------------------------------
  E-cadherin   TTGCTACTGGAACAGGGACA                GTATTGGGAGGAAGGTCTGC
  Vimentin     GAAGAGAACTTTGCCGTTGA                CGAAGGTGACGAGCCATT
  Snail        TTACCTTCCAGCAGCCCTAC                GACAGAGTCCCAGATGAGCA
  *Gapdh*      AGGTCGGTGTGAACGGATTTG               TGTAGACCATGTAGTTGAGGTCA

**Abbreviation:** qPCR, quantitative PCR.
